The molecular, crystal, and electronic structures as well as spectroscopic properties of a mononuclear heteroleptic lanthanum(III) complex with diethyldithiocarbamate and 1,10-phenanthroline ligands (3 : 1)
were studied by solid-state 13 C and 15 N cross-polarisation (CP) magic-angle-spinning (MAS) NMR, X-ray diffraction (XRD), and first principles density functional theory (DFT) calculations. A substantially different powder XRD pattern and 13 C and 15 N CP-MAS NMR spectra indicated that the title compound is not isostructural to the previously reported analogous rare earth complexes with the space group P2 1 /n. Both 13 C and 15 N CP-MAS NMR revealed the presence of six structurally different dithiocarbamate groups in the asymmetric unit cell, implying a non-centrosymmetric packing arrangement of molecules. This was supported by single-crystal X-ray crystallography showing that the title compound crystallised in the triclinic space group P1. In addition, the crystal structure also revealed that one of the dithiocarbamate ligands has a conformational disorder. NMR chemical shift calculations employing the periodic gauge including projector augmented wave (GIPAW) approach supported the assignment of the experimental 13 C and 15 N NMR spectra. However, the best correspondences were obtained with the structure where the atomic positions in the X-ray unit cell were optimised at the DFT level. The roles of the scalar and
Introduction
Rare earth element (REE) dialkyldithiocarbamate complexes have found wide practical applications as photo-luminescent materials, 1 in heteroleptic compounds as precursors for REE sulphide nanoparticles and thin films, [2] [3] [4] as high pressure lubricating additives, 5, 6 for the solvent extraction of REEs, 7 etc.
For a given set of ligands, most REEs are known to form complexes of similar crystal structure types. 2 In general, due to similar chemical properties (oxidation state and ionic radii), REEs can readily substitute one another that often renders their refinement to pure metals a challenging task. 8 Moreover, their thermal stability and physiochemical properties such as solubility, sorption, etc. are highly dependent on the structure of the material in the solid state. In this context, being able to understand subtle structural differences in the complexation of REEs to a particular type of ligand is highly important. Also, the coordination chemistries of lanthanum and yttrium have received much less attention than that of most d-block metals or even other REEs, in part because the only accessible oxidation state of Y(III) and La(III) ions in solution (d 0 and f 0 , respectively) lacks both magnetic and UV-vis spectroscopic information regarding the electronic d-d and charge transfer transitions. On the other hand, for NMR studies, complexes of La and Y are desirable since they are diamagnetic, while most of the REE complexes are paramagnetic, which makes NMR analysis difficult, although recent developments in paramagnetic NMR theories and their novel implementations facilitate the analysis of complicated paramagnetic NMR spectra significantly. [9] [10] [11] [12] In any case, studies on diamagnetic REE complexes can be used to probe the chemistry of complexes analogous to those containing paramagnetic REEs. Solid-state NMR is often used as an analytical tool to acquire information regarding local and long-range electronic and molecular structures. 13, 14 Obtaining high-quality single crystals, which is essential for X-ray crystallography, can be troublesome. In this regard, interpretations of the unique information, which can be gained from solid-state 13 C and 15 N NMR, particularly from the nuclear shielding interaction, require a systematic investigation of NMR parameters of simple REE complexes. The knowledge gained from such exercises may then be applied to NMR investigations of more complex materials in the solid state. Although solid-state 139 La-NMR (I = 7/2) has been performed on many materials for structural analyses, 15 ,16 the technique has not been used routinely because of a moderately high quadrupole moment (Q = 20.0 fm 2 ) and a moderate magnetogyric ratio, both leading to a low sensitivity particularly for lanthanum complexes with a low symmetry. 17 Our attempts to obtain any useful data for the title complex from static solid-state 139 La NMR using either the WURST-QCPMG 18 sequences or echo-based experiments 19 were unsuccessful. However, in such difficult situations, the coordination behaviour and local structure of the complexes may still be explored by studying other NMR active nuclei such as the 13 C and 15 N present in the molecule. In addition, quantum chemical calculations could also play an important role in obtaining the electronic and molecular properties of heavy metal atoms and their coordination complexes. They will also assist in analysing the experimental results and studying the relationship between the structure and properties. To account for factors such as crystal lattice effects and long-range intermolecular dispersion forces which largely affect the properties of periodic or extended materials and to obtain highly accurate results at the same time, computationally expensive ab initio electron correlation methods are required. 20 However, in the last two decades several schemes have been developed within the framework of density functional theory (DFT) methods, which not only offer an alternative use of inexpensive computational methods but can also handle relatively large molecules efficiently. 21 DFT plane-wave methods [22] [23] [24] [25] have been found to be useful for periodic systems to compare the theoretical NMR shielding parameter calculations, chemical shift tensors, and electric field gradients (EFG) with the experimental solid-state NMR results. Nevertheless, combining a number of methods, such as experimental solid-state NMR and X-ray diffraction techniques with theoretical calculations using the gauge including projector augmented wave (GIPAW) approach, often referred to as the "SMARTER Crystallography" approach, [26] [27] [28] [29] can provide much deeper insight compared to any individual approach alone. In this work, we report on the solid-state structure elucidation and electronic and spectroscopic property evaluation of a heteroleptic tris(N,N-diethyldithiocarbamato)(PHEN)lanthanum(III) complex with the formula [La{S 2 CN(C 2 H 5 ) 2 } 3 PHEN], where PHEN = 1,10-phenanthroline, by combining solid-state NMR spectroscopy, X-ray diffraction, and first principles DFT calculations. Since REEs form hard ions and sulphur is considered as a soft ligand, the rare-earth metal sulphur coordination is regarded as a less favourable combination. However, the inclusion of PHEN as a strong N-donor ligand contributes to the stabilisation of the heteroleptic 8-coordinate (with a central core REE-S 6 N 2 ) complex. 2, 30 To the best of our knowledge, only mononuclear and centrosymmetric structures have been reported in the literature for other tris(N,N-diethyldithiocarbamato)(PHEN)REE(III) complexes, where REE = (Nd, Sm, Gd, Ho and Er), 2 Eu, 31 Pr, 1 Yb, 32 and Y. 30 Their crystal structures are all monoclinic with the space group P2 1 /n. Herein, a new single-crystal X-ray structure, crystallised in the triclinic P1 space group, is reported for the title complex. Even though the implications of this new crystal structure on the properties of the material are worth studying, it is beyond the scope of this paper. However, in general, a different crystal packing indicates differences in metal-ligand interactions, stability, and thermal and other physicochemical properties. In addition, different crystal structures for different REE complexes may have implications in the selection or/and design of novel more specific ligands for separating rare earth metals, which have very similar affinities towards a large range of currently used collectors. After geometry optimisation, we have calculated the NMR shielding values of 13 C and 15 N nuclei using the GIPAW method in CASTEP. 22 The results were compared with the experimental data in order to support the NMR spectral assignments and to follow the evolution of calculated NMR parameters in the course of structure optimisation. To quantify the role of relativistic effects on the chemical shifts of light atoms (LA) because of the neighbouring heavy atoms (HA), HALA effects, both scalar relativistic (SR-ZORA) as well as relativistic zeroth-order regular approximation including both scalar and spin-orbit relativity (SO-ZORA) calculations were performed for one molecular unit of the complex using the ADF code. 33 In addition, the nature of the metal-ligand bonding as well as the ground state stabilisation interactions were studied by the natural bond orbital (NBO) 34 and the quantum theory of atoms in molecules (QTAIM) 35, 36 method. Finally, we showed that the quantumchemical calculations reproduced the observed NMR shifts in both liquid (in CDCl 3 solutions) and solid state, supported the assignments, and provided more precise structural information.
Results and discussion
Powder X-ray diffraction (PXRD) patterns (Fig. 1) . 30 The comparison based on a visual assessment of the PXRD patterns revealed that they are crystallographically different. For example, the highest intensity peak was observed at 2θ°9.70 (d-spacing 4.89 Å) and 10.43 (d-spacing 8.51 Å) for the lanthanum and yttrium Dtc complexes, respectively. On the other hand, a good matching in terms of the peak positions and the relative peak intensities between the experimental and the calculated PXRD patterns for the title compound (see Fig. 1 ) ensures that the obtained single crystal structure (vide infra) corresponds to the structure of the powdered material studied in the solid-state NMR experiments.
Solution-state NMR
Baba et al. have reported on the isotropic 1 H NMR spectrum for a tris(N,N-di-n-propyldithiocarbamato)(PHEN)lanthanum(III) complex. 37 However, in that spectrum the fine spectral features of PHEN protons were missing and no J-couplings were reported due to the broad signals, especially for H1, H2, and H3 (for labelling see the molecular structure of the complex in Fig. S1 in the ESI †). It is noteworthy that there have been discrepancies in the assignment of the PHEN protons (and carbons) in different metal complexes where PHEN is involved as one of the ligating moieties. 38 In our case, we found the following chemical shift order of signals: H1 > H3 > H6 > H2 and C1 > C5 > C3 > C4 > C6 > C2 for PHEN as a ligand, which follow the same order as the chemical shifts of free PHEN molecules (see Fig. S1 and S2 in the ESI †). The above order in chemical shifts is also supported by our SO-ZORA DFT calculations, where the solvation effect on the complex geometry was taken into account using the Conductor-like Screening Model (COSMO) 39 in geometry optimisation (see details in Table S1 in the ESI †). Interestingly, the aromatic protons next to the nitrogen atoms become deshielded by 0.6 ppm (known as the coordination shift) upon the bonding of nitrogen to a metal centre. Similar nuclear deshielding or shielding trends were observed for other protons and carbons in the complex but to a lesser extent (see Table S1 in the ESI †). The analysis of J-couplings was also performed in order to assess whether the coordination of PHEN to lanthanum(III) had any effect on the coupling pattern. We have measured 3 
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X-ray crystallography
The details of the molecular and crystal structure determination of the title complex are explained in the Experimental b Periodic GIPAW/PBE NMR shifts with CASTEP optimised structures: 1A/1B = all protons relaxed; 2A/2B = partial geometry optimisation (all H, S131-S133, N31A/N31B, C31A/C31B, C131-C138); 3A/3B = all atoms relaxed.
c ADF SR-ZORA/PBE/ TZ2P result in the 3A/3B structure.
d ADF SO-ZORA/PBE/TZ2P result in the 3A/3B structure.
e Averages over all methylene and methyl groups, respectively.
f The standard deviations (SD) and the mean absolute errors (MAE, in parenthesis) between the calculated and experimental chemical shifts. section, crystal structure data are given in Table 2 , and the molecular structure of the complex with a crystallographic labelling scheme is depicted in Fig. 2 . La(III) has a coordination number of 8, and crystallised in the triclinic system with the space group P1. The unit cells of the title complex comprise four orientationally non-equivalent mononuclear molecules where a centre of symmetry relates two pairs. In other words, there are two structurally non-equivalent molecules in the asymmetric unit. Overall, single-crystal X-ray diffraction results confirm the conclusions of 13 C and 15 N CP-MAS NMR that the complex under consideration contains in total six structurally non-equivalent Dtc carbon ligands. The distances and angles for some selected bonds in the experimental structure are compared with the corresponding calculated values from the DFT-CASTEP in Tables S2 and S3 in the ESI. † The La(III) coordination displays a distorted square antiprismatic geometry, where each lanthanum ion is coordinated in a S,S′-aniso-bidentate manner to three non-equivalent Dtc ligands, with the neutral PHEN ligand filling the coordination sphere forming two basal planes. Among the three Dtc ligands coordinating around La2, S221, S222, S231, and S232 form the first basal plane while the other plane is formed by S211, S212, N24, and N25. The La-S, C-S, and N-C(S)S bond lengths vary in the ranges 2.926(2)-3.012(4) Å, 1.692(9)-1.789(9) Å and 1.324(11)-1.365(2) Å, respectively. The C-N bond lengths reflect a partial double bond character. One of the three (Et 2 NCS 2 ) ligands, coordinated around La1 (see Fig. 2 ), is disordered assuming two different orientations (denoted as A and B) with different occupation parameters. The disordered Dtc ligand is randomly distributed in the crystal with the probabilities 0.53 and 0.47, respectively, for the A and B conformers. This kind of orientational disorder of a ligand is a rather common phenomenon in crystals, especially when there are alkyl groups in the structure of the ligands. Their flexibility can bring dynamics and/or conformational disorder to the structure of the complexes.
For the disordered Dtc ligand (orientations A and B), we can see a difference not only in the orientation but also in certain bond distances and bond angles (Tables S2 and S5 in the ESI †). In addition, the average bond parameters for the disordered ligand show many differences compared to all other Dtc ligands in the complex. For example, for the conformer A, the C-S bond lengths are equal within the experimental error bar (1.69 Å) whereas one of the C-S bond lengths for the conformer B (C31B-S133) is much larger (1.79 Å) compared to all other bonds (1.72 Å). On the other hand, the N31A-C131/C135 and N31B-C133/C137 bond lengths are much shorter (1.37 Å) compared to all other N-C(Et 2 ) bonds (1.48 Å). The S-C-S bond angle is 113.1(5)°for orientation B, whereas for the other Dtc ligands it is in the range of 117.3(5)°-120.3(5)°. Similarly, significant differences were also observed in the disordered Dtc ligands in terms of C-C bond distances as well as in bond angles such as N-C-S and C-N-C (see Table S3 in the ESI †). The effects of these discrepancies of the bond parameters on the NMR chemical shift calculations are explained in the following sections.
Geometry optimisation and GIPAW NMR chemical shift calculations
The high sensitivity of nuclear shielding to the electronic structure, observed as NMR chemical shifts, makes it extremely useful to study subtle changes in the chemical environment of a nucleus. Knowing the fact that it is often difficult to determine hydrogen atom positions accurately from X-ray diffraction, the initial XRD structure was subjected to a geometry optimisation of hydrogen positions prior to NMR calculations. 25 The NMR shielding constants were then computed using the coordinates of the modified structure (denoted as 1A/1B). The bond angles and bond lengths obtained after the geometry optimisation of the atomic positions are given in Tables S2 and S3 (see the ESI †). The calculated NMR chemical shifts for structures obtained at different geometry optimisation levels are given in Table 1 along with the experimental results. The absolute nuclear shielding values are also given in Table S4 (see the ESI †). It must be noted that in the experimental 13 C and 15 N NMR spectra ( Fig. 3 and 4) , due to signal broadening, the resonance lines for the Dtc carbon and nitrogen nuclei do not allow us to distinguish between different conformers. Therefore, in all our cases, although the geometry optimisations were carried out for the conformers A and B separately, an average value for the chemical shift was reported. The H-optimised structure produced insubstantial agreement with the experimental NMR data and gave a poor fit of the computed 13 respectively (see Fig. S4a and S4c in the ESI †). In the next step, to get an idea on how much these (large) forces affect the chemical shifts, only the positions of the above mentioned atoms on the disordered ligands were relaxed (2A/2B structures). This leads to a significant improvement since the NMR shift calculation of these partially optimised structures shows a difference of only 1.9 ppm and 3.6 ppm, respectively, for the C31A-C31B and N23A-N24B atoms. This is also seen in reduced SD values between the calculated and experimental A significant improvement in the agreement between experimental and computational NMR chemical shifts was obtained in the final refinement by adjusting the positions of all atoms while holding the lattice parameters constant at the XRD values (3A/3B structures). As seen in Table 1 , the computed NMR results for 3A/3B structures agree with the experimental results better than for any other structure in terms of both the chemical shift range and the spectral pattern. Moreover, the differences between the CASTEP calculated nuclear shielding values for the Dtc carbon (C31A/C31B) and nitrogen (N31A/N31B) atoms in the disordered ligands of conformers 3A and 3B are within the experimental error limits (see Table S4 in the ESI †) and hence support the notion that they are not distinguishable using the current experimental set up. In all the above cases, the 15 N calculations show a systematic offset in the isotropic chemical shift values (Table 1) .
There clearly is a good agreement between the experimental and calculated (for structures 3A/3B) isotropic chemical shift values, as observed from the close to unity slope of their linear regression plots (Fig. 5a and b) . The SD between the experimental and calculated 13 C chemical shifts is further reduced to 1.5 ppm while for 15 N the SD remained almost similar (4.4 ppm) compared to the 1A/1B structures (see Fig. 5a and b) because of the full optimisation (3A/3B structure). The RMSD of the heavy atom displacements with respect to the proton optimised X-ray geometry (3A/3B vs. 1A/1B) is 0.12 Å. It may, therefore, be concluded that the most significant part of the improvement between the calculated and experimental chemical shifts obtained from solid-state NMR comes from the refinement of non-hydrogen atoms.
Explanation for the anomaly in chemical shifts
The NMR calculations on the partially and fully optimised structures mentioned above demonstrate the exquisite sensitivity of nuclear shieldings to local atomic configurations, i.e., bond structures (bond lengths and bond angles) and arrangements of non-bonded neighbours, which means that any motional change in these configurations is accompanied by changes in the nuclear shieldings. We have obtained the best fit with experimental NMR results for structures 3A/3B, where all atoms in the complex were relaxed (forces on each atom were <0.01 eV Å −1 ). The bond angles and distances of the disordered ligands before (experimental) and after geometry optimisation are compared in Tables S2 and S3 (see the ESI †) . As explained earlier, significant changes were revealed in the structures of the disordered Dtc ligand, which has two different orientations, A and B, both showing many discrepancies in terms of bond lengths and bond angles compared to all the other Dtc sites in the unit cell. On the other hand, the CASTEP/PBE optimised bond lengths and bond angles for the two orientations, A and B, are very similar to all other sites and well within the expected range of values for the present theoretical level calculations. 40 The optimised structures (3A and 3B) have S(S)C-N bond lengths in the range of 1.35-1.36 Å and C-S bond lengths in the range of 1.71-1.73 Å. At the same time, the alkyl C-C and N-CH 2 -bond lengths were within the range of experimental results.
The following sources of errors in the computed 13 C and 15 N chemical shifts can be considered: (i) the level of theory used (scalar relativistic); (ii) the limitations of the density functional (PBE); 40 (iii) the effects of the thermal rovibrational motions of atoms, [41] [42] [43] etc. Also, the uncertainties in the atomic positions of the disordered ligands as determined from X-ray diffraction measurements may cause significant chemical shift variations. 25, [44] [45] [46] The accuracy of the X-ray diffraction data depends on the quality of the single crystals available, which is also correlated with the narrowness of the NMR resonance lines and thus the resolution of the NMR spectra. In addition, dynamic averaging (vibrations, conformational averaging, molecular aggregation, etc.) may worsen the quality of the X-ray diffraction structure, but these effects are here neglected. However, based on the convergence of calculated NMR shifts (compare data for structures 2A/2B and 3A/3B with the experimental isotropic chemical shifts as well as the reduced SD values), it can be concluded that the low-quality of the original single crystal X-ray diffraction structure (R-factor 6.8%) is probably the main reason for the above observed irregularity in the calculated chemical shifts.
ZORA-DFT chemical shift calculations
It is an established fact that the NMR shielding calculations of light atoms such as hydrogen, carbon, nitrogen, etc. in molecular systems with heavy elements have to take into account an appropriate treatment of the relativistic effects because of the Heavy Atom (HA) on the neighbouring Light-Atoms (LA), referred to as the HALA effects. [47] [48] [49] [50] [51] [52] We have carried out the calculations at the optimised geometries, 3A and 3B, of both conformers A and B. The average chemical shifts were calculated from the results of both A and B conformers and are given in Table 1 . The calculated spin-orbit (SO) contributions to the NMR shielding constants of the Dtc carbon atoms are about 5.5 ppm while they are less than 0.5 ppm for the other carbon atoms (Table 1 ). The SO contribution to the shieldings of the PHEN and Dtc nitrogen nuclei is <1.0 ppm, although the PHEN nitrogen atoms are directly bonded to lanthanum. This is in accord with our previous report on a heteroleptic tris (N,N-diethyldithiocarbamato)(PHEN) yttrium(III) complex, in which the SO contribution to the calculated NMR shielding was found to be important only for carbon atoms directly bonded to sulphur atoms and was negligibly small for other 13 − fragment have revealed that the SO contribution to the shielding of the S 2 CN carbon nucleus is actually of a similar size (6.6-7.7 ppm) because of the highly delocalised orbitals of the sulphur atoms. 30 Thus, it was concluded that the SO contribution from the heavy atom (Y) to two-bond distant carbon sites in the Dtc ligands is relatively small. 30 Similarly, for the title tris(N,N-diethyldithiocarbamato)(PHEN)lanthanum(III) complex the calculated chemical shifts for the S 2 CN carbons at the SR-ZORA level differ ca. 5.5 ppm from those calculated at the SO-ZORA level; however, SO has practically no effect on the chemical shifts of the other carbon atoms. Overall, the SO contributions to the Dtc carbons resulted in chemical shifts, which do fit better with the experimental values. The lack of a 'crystal lattice effect' in ADF calculations seems to decrease the chemical shift difference between the Dtc carbons when compared to those observed in the solidstate NMR spectrum. For example, the experimental chemical shift range (6 ppm) is almost reproduced by the periodic GIPAW calculations (7 ppm) naturally incorporating the crystal lattice effects, whereas the chemical shifts of a single molecular unit in A and B conformations by ADF are spread over a rather small range (ca. 3 ppm both at SR-and SO-ZORA levels). Nonetheless, the ADF calculations reproduce the same spectral pattern in terms of shift ordering as the GIPAW calculations. However, as indicated by the lower SD value (see Fig. 5a-d and Table 1 ), the correlation between the calculated and experimental chemical shifts is much better with GIPAW. In other words, GIPAW calculations clearly show that the long-range structural organisation influences the chemical shielding of nuclei in REE(Dtc) 3 PHEN complexes.
Topological analysis of the electron density
For a qualitative understanding of the nature of metal-ligand bonding interactions of the title complex, we performed a topological analysis of the electron density (ρ) according to the quantum theory of atoms in molecules (QTAIM) in the ground state. 35, 53 In this theory, the topology of an electron-density distribution is described by a set of characteristic critical points (CrPs), viz. bond critical point (BCrP), ring critical point (RCrP), etc. representation of different types of critical points for the title compound is depicted in Fig. S5 (see the ESI †). As shown in Table 3 , ∇ ρ 2 is positive at all BCrPs between La-N and La-S indicating, with the small values of ρ < 0.10 a.u., that both bond types are predominantly ionic. However, the slightly negative H(r) values of the above bonds suggest that these metal-ligand bonds may have some covalent character. Furthermore, the larger ∇ ρ 2 for La-N than La-S BCrP suggests that the former is more ionic than the latter. The contour plot representations of the Laplacian ∇ ρ 2 in the plane spanned by the atoms that involve some selected metal-ligand bonds, depicted in ESI Fig. S6a (La-S) and Fig. S6b (La-N) , † both indicate a predominantly ionic bonding.
Natural bond orbital (NBO) analysis
The NBO analysis method has been widely used for a quantitative description of the electronic structure and bonding properties of molecules. Within the NBO method, the interpretation of the bonding situation is performed in terms of Lewis structures, which are popular bonding models in chemistry. In our case, the NBO search program (see Note 2 and Table S5 in the ESI †) yielded the best Lewis structure which described about 97.98% of the total electron density. In Table S6 (see the ESI †), we have listed some donor-acceptor (bond-antibond) interactions between "filled" (donor, L) Lewis-type NBOs and "unfilled" (acceptor, NL) non-Lewis-type NBOs, which are important from the description point of view of metal-ligand bonding. The energetic importance of the NBOs was estimated by the 2 nd -order perturbation theory. Some of the most intensive donor-acceptor energy transfers include: donation of an electronic charge from sulphur lone pairs to antibonding (BD*) NBOs: n S ! σ showing a larger polarisation coefficient on a sulphur atom (0.96). Fig. S7 in the ESI † shows surface diagrams for the overlapping hybrids and bond (σ La-S ) and anti-bond (π*) NBOs of one of the La-S bonds. In addition, based on the natural population analysis (NPA), the natural charge on the La atom is considerably smaller than that on the free La 3+ ion (see Table S7 in the ESI †), suggesting that a significant ligand-to-metal charge transfer occurs in the molecule. Besides, the net charges of the PHEN nitrogen atoms are more negative than those of the Dtc sulphur atoms, indicating the stronger electron-donating abilities of the nitrogen atoms. Fig. S8 in the ESI † shows the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO) of the title complexes. The calculated HOMO-LUMO gap of the molecule at the SR-ZORA/B3LYP/TZ2P theory level is ΔE = E HOMO − EL UMO = 2.431 eV.
Experimental

Materials
Lanthanum nitrate hexahydrate (La(NO 3 ) 3 ·6H 2 O), PHEN, diethylamine, carbon disulphide (99%), acetonitrile (99.8%), ethanol (99.8%), acetone, p-ether, diethyl ether, and chloroform were of analytical grade (Sigma-Aldrich) and used without further purification.
Synthesis of the diethylammonium diethyldithiocarbamate ligand
The preparation of N,N-dialkyldithiocarbamate ligands is reported elsewhere. 54 Briefly, carbon disulphide was added in excess to a 25% (volume/volume) solution of diethylamine (100 mmol) in acetone. The reaction mixture was stirred at 273 K for about 2 hours. The solvent and unreacted reagents were evaporated in a rotary evaporator at a low pressure. The crude product was purified by washing several times with petroleum ether. The resulting pale yellow product was recrystallised from diethyl ether. The yield was 80%.
Synthesis of the [La(S 2 CNEt 2 ) 3 PHEN] complex
The complex was prepared in the same way as the other REE (Dtc) 3 PHEN complexes reported. 
Powder X-ray diffraction (PXRD)
The PXRD patterns were collected using a PANalytical Empyrean X-ray diffraction spectrometer (45 kV and 40 mA) and Cu Kα radiation with λ = 1.54 Å. Data collection was performed over the range 2θ = 5-50°with a scan interval of θ = 0.013°.
X-ray crystallography
Unit cell parameters of a single crystal of the title complex (0.15 × 0.12 × 0.1 mm 3 ) were collected at 150 K on a Bruker
Nonius Kappa CCD diffractometer using graphite monochromatic Mo Kα radiation (λ = 0.71073 Å). The structures were solved using SHELS-2013 and refined using SHELXL-2013. 55, 56 After the full-matrix least-squares refinement of the non-hydrogen atoms with anisotropic thermal parameters, the hydrogen atoms were placed at the calculated positions in the aromatic ring (0.95 Å), methyl groups (0.98 Å) and methylene groups (0.99 Å).
In the final refinement, hydrogen atoms were treated using a riding model in which the isotropic thermal parameters of the hydrogen atoms are proportional to those of the carbon atoms to which they are bonded. The isotropic thermal parameters of the aromatic and methylene hydrogen atoms were fixed at 1.2 times, and the methyl hydrogen atoms were fixed at 1.5 times the corresponding carbon atoms. The scattering factors for the neutral atoms were those incorporated with the programs. The site occupation factors were refined along with the positional and displacement parameters. Because of the correlation between the thermal parameters and the occupation factors, the anisotropic displacement parameters of the disordered pair of atoms were constrained to be equal. The final site occupancy factors were 0.528 (4) (1) 
Computational details of periodic calculation
Geometry optimisations and NMR shielding calculations were carried out by the DFT based CASTEP code 22, 24, 61 using the Perdew-Burke-Ernzerhof generalised gradient approximation (PBE-GGA). 62 The structure was described as an extended solid using periodic boundary conditions. In all calculations, the socalled "ultra-soft" pseudopotentials (USPP) 61 were used to describe the interaction of the valence electrons with the nuclei and core electrons. Within the periodic boundary conditions, the positions of all hydrogen atoms were allowed to relax because X-ray diffraction often has difficulty in resolving the accurate proton positions. Moreover, since one of the ligands in the isomeric molecule [La{S 2 CN(C 2 H 5 ) 2 } 3 PHEN] has two possible orientations (A and B) it was needed to optimise the positions of the protons of these two isomers separately (hereafter, 1A and 1B). We also did a partial geometry optimisation by relaxing the positions of selected atoms (A: C64A, N23A, S14, C65, C66, C67, C68; B: C64B, N24B, S15, C69, C70, C71, C72) of the disordered ligand (La2) for both A and B conformers (2A and 2B). Finally, we performed a geometry optimisation by relaxing all atoms in the unit cell (3A and 3B), while keeping the unit cell parameters fixed. For the atomic relaxation, a force tolerance parameter of 0.01 eV Å −1
was used. The all-electron information, needed for the calculation of NMR shielding constants, was reconstructed using the GIPAW 22 method as implemented in the NMR CASTEP 7.0 code. 24 The wavefunctions were expanded using a plane wave (PW) basis set with a kinetic energy cut-off of 500 eV that produces converged results for both the geometry optimisation and the calculation of NMR parameters. The self-consistent field (SCF) calculations were considered to be converged when the total energy of the system was stable within 10 (CCDC 1223560) were fully optimised at the same level of theory as the complex molecules. However, for both the geometry optimisation and the subsequent NMR shielding calculations, the integrals over the Brillouin zone were performed using 4 × 4 × 4 (TMS) and 8 × 6 × 4 (CH 3 NO 2 ) MP grids (k-point spacing <0.03 Å −1 ). These grids contain 4 and 24 k-points in the irreducible Brillouin zone for the Pa3 space group (TMS) and the P2 1 2 1 2 1 space group (CH 3 NO 2 ), respectively. A linear regression between the isotropic calculated chemical shift (δ iso, calc ) and the experimental isotropic chemical shift (δ iso, expt ) values represents the amount of agreement between the calculation and the experiment.
Computational details of molecular calculations
Calculations of a one-molecular unit of the CASTEP optimised structures (3A/3B) were performed with the ADF2014 program package. 63 For the NMR shielding calculations, the Slater-type orbital (STO) basis, a triple-ζ basis set with two polarisation functions (TZ2P), from the standard ADF basis set library was employed. The calculations were performed at the PBE theory level using both scalar-relativistic (SR) only and scalar plus spin-orbit relativistic (SO) ZORA formalisms. 64 The CASTEP optimised geometry (3A) was used in NBO 6.0 34 analysis, and implemented in ADF 2013, at the SR-ZORA/ PBE theory level with the DZ basis set. The NBO method utilises the second order perturbation theory (PT2) analysis of the Fock matrix in the NBO basis set. According to PT2, for each donor NBO (i) and acceptor NBO ( j), the stabilisation energy E(2) due to the delocalisation of an electron pair from (i) to ( j) can be estimated as
where q i is the orbital occupancy, i|F|j is the interaction (offdiagonal Fock matrix element), and ε j − ε i is the orbital energy difference. 
Conclusions
We have successfully used a multidisciplinary approach to establish the solid-state structure and to explore the electronic and spectroscopic properties of a heteroleptic tris(N,N-diethyldithiocarbamato)(PHEN)lanthanum(III) complex. Compared to all previously reported REE(Dtc) 3 PHEN complexes, a substantially different powder XRD pattern and 13 C and 15 N solid-state NMR spectra of the title compound, which indicated the presence of at least six Dtc sites in the asymmetric part of the unit cell, were obtained. The experimental NMR results were substantiated by single crystal XRD studies showing two structurally non-equivalent molecules in the unit cell. The DFT geometry optimisation of the crystal structure removed anomalies in the modelled NMR chemical shifts for the experimental X-ray structure. While the inclusion of spin-orbit (SO-ZORA) relativistic effects improved the correspondence with experiments, especially for the -S 2 CN-carbons, the periodic GIPAW modelling at the SR-ZORA level was sufficient for the full assignment of both 13 C and 15 N experimental spectra. A topological analysis of the electron density reveals the metal-ligand interactions to be largely ionic. Overall, our work demonstrates how different experimental and theoretical methods can be successfully combined affording insights into solid-state structures and bonding environments of heavy-metal complexes.
